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Background
SIAH proteins are evolutionary conserved RING-type E3 ubiquitin ligases emerging as critical regulators in both normal development and cancer. SIAH proteins exert their primary functions by targeting selected proteins for proteasomal degradation by polyubiquitination. 1 Whereas initial reports pointed to a role in tumor suppression, 2 most recent studies indicate that SIAH proteins, especially SIAH2, are tumorigenic proteins and promote tumor cell proliferation in several tissues, although the molecular mechanisms have not yet been fully elucidated. Increased expression of SIAH has been reported in different human cancers such as prostate, lung and breast. [3] [4] [5] Recently SIAH has also emerged as a tumor-specific biomarker in pancreatic cancer. 6 The Cancer Genome Atlas lists the SIAH2 gene as amplified in many human tumors (e.g., in 30% of lung squamous cell carcinoma). 7, 8 Both SIAH1 and SIAH2 were reported to increase proliferation of liver cancer cells 9, 10 and SIAH2 expression was reported to promote tumor growth in head and neck tumors. 11 SIAH inhibition approaches have produced promising results in preclinical mouse models of lung cancer, 3 melanoma, 12 and pancreatic cancer. 13 Numerous substrates 14 have been identified that mediate the tumor promoting effects of SIAH1 and SIAH2 in Ras, estrogen, DNA-damage, and hypoxia response pathways, as summarized in reference 15. Interestingly, SIAH proteins are central regulators of the hypoxic adaptation. 16, 17 The prolyl hydroxylase domain proteins PHD1, PHD2, and PHD3 mainly act to hydroxylate HIF1a, which is a prerequisite for its von Hippel-Lindau (VHL) protein-dependent degradation. SIAH targets the PHDs for degradation via ubiquitination, thus leading to stabilization of the transcription factor HIF1a, which in turn amplifies proangiogenic factors such as Vascular Endothelial Growth Factor A (VEGF-A) and thus induces tumor vascularization, tumor growth and metastatic potential. 5, 17, 18 SIAH proteins also target the cell fate regulator Homeodomain-Interacting Protein Kinase 2 (HIPK2) for degradation, a critical event for full induction of hypoxia-induced genes that is also associated with decreased chemosensitivity of hypoxic cells. 16, 19, 20 SIAH proteins have been reported to mediate polyubiquitination and degradation of more than a dozen of established tumor suppressors, including Numb, 21 Promyelocytic Leukemia protein (PML), 22 HIPK2, 20 and Deleted in Colorectal Cancer (DCC). 1 Many studies on the function of SIAH proteins in cancer have been conducted in breast cancer cell lines, patient samples, or mouse models. 23 Whereas high SIAH expression in patient samples was predictive for the progression of ductal carcinoma in situ to invasive breast cancer, 4 SIAH inhibition has been shown to reduce tumor growth in a murine breast cancer model. 24 It was recently reported that SIAH1 and SIAH2 genes were amplified in samples from breast cancer patients by 17% and 10%, respectively. 25 Similar to other cancer entities, SIAH2 primarily shows tumorigenic functions in breast cancer: SIAH2 knockout mice show delayed tumor onset and reduced infiltration in a spontaneous mouse breast cancer model, 26 SIAH2 silencing reduced breast tumor growth in vivo, 27 it is upregulated in basal-like breast cancer and its expression correlates with increased tumor aggressiveness. 28 The role for SIAH1 in breast cancer remains less well described. In contrast to other cancer types, only few reports identify SIAH1 as a pro-tumorigenic protein in breast cancer similar to SIAH2, 24, 29 most point to a tumor suppressor role for SIAH1 in breast cancer. [30] [31] [32] [33] [34] [35] [36] As high SIAH2 expression correlates with increased invasiveness and decreased overall patient survival in breast cancer, 4, 26, 28 we aimed to determine if SIAH proteins play a role in breast cancer cell migration and metastasis. To date, the effects of SIAH inhibition, or silencing, on breast cancer metastasis or migration have not been reported; and also in other cancer types the general role of SIAH proteins in metastasis is not clear. For example, high SIAH2 expression correlated with metastasis in liver cancer, 10 and SIAH inhibition strongly reduced metastasis in a syngeneic melanoma mouse model, 18 yet anti-metastatic actions of SIAH1/2 have also been reported. 37, 38 Cancer cell migration and invasion are key components necessary for metastasis. Cell motility is mainly controlled by the Actin cytoskeleton, which provides the driving force at the leading edge of the cell, and the microtubule network that ensures rear retraction and controls protrusive and contractile forces. Actin and microtubule dynamics are highly cross-linked, regulating each other and being affected by adhesion and polarization. 39, 40 Both SIAH1 and SIAH2 were reported to promote migration of liver cancer cells, 9, 10 and SIAH1 silencing inhibited glioblastoma cell migration and invasion under hypoxia. 41 Nevertheless, results from other groups indicate that SIAH1 exerts antimigratory activities in squamous cell carcinoma, 42 neuronal cells, 43 and mouse embryonic fibroblasts (MEFs). 44 In this study we re-examined the role of SIAH1 and SIAH2 in breast cancer cell apoptosis, migration, and invasion. Our results support a tumor promoting role for both SIAH1 and SIAH2 in breast cancer cells.
Results

Regulation of hypoxic adaptation by SIAH1/2 in breast cancer cells
Initially, we determined the expression of SIAH1 and SIAH2 in various breast cancer cell lines. Although to different levels, SIAH1 and SIAH2 are expressed in MCF10A breast epithelial cells as well as MCF7, T47D, MDA-MB-231, and MDA-MB-468 breast cancer cells (Fig. 1A) . Since MCF7 cells showed strong protein expression of both SIAH1 and SIAH2, we researched the effects of SIAH1 and SIAH2 depletion primarily in this cell model. To silence SIAH1 and SIAH2 in MCF7, we used siRNAs that had been previously published to work both potently and selectively. 20, [45] [46] [47] Knockdown of SIAH1 and SIAH2 with these siRNAs was confirmed both on mRNA level (Fig. S1A ) and protein level (Fig. 1B) .
To investigate the impact of SIAH ligase silencing on signaling in breast cancer cells, we looked at protein levels of known SIAH substrates. First, we determined the protein levels of the Tumor Necrosis Factor (TNF) receptor-associated factor 2 (TRAF2), a well-known SIAH substrate involved in TNF receptor signal transduction. TRAF2 was previously published to be a substrate of SIAH2, but not of SIAH1; 48 consistently we found increased TRAF2 levels upon silencing of SIAH2, but not SIAH1 (Fig. S2A) .
The pro-tumorigenic actions of SIAH1 and SIAH2 have been attributed to the regulation of PHD proteins, of which PHD3 is most strongly regulated by SIAH.
17 PHD3 levels were increased after silencing of either SIAH1 or SIAH2 (Fig. 1C) . Consistently, HIF1a accumulation under hypoxic conditions (1% O 2 ) was decreased in SIAH1 and SIAH2 silenced cells (Fig. 1D) . In this regard, SIAH1 and SIAH2 showed redundant function in MCF7 breast cancer cells, as previously reported in other cell lines. 17, 24, 41, 49 To investigate the effects of SIAH knockdown downstream of HIF1a, we employed a cell line which expresses luciferase under control of a VEGF-promotor (HCT116-4xVEGFCLuc 50 ) to monitor HIF1a activity in a luciferase assay. It was confirmed that silencing of SIAH1 and SIAH2 had a comparable effect on the HIF downstream targets in this cell line as in MCF7 cells (Fig. S2B) . Individual silencing of SIAH1, SIAH2, or in combination led to a significant decrease in VEGF promotor activation both under hypoxic and normoxic conditions (Fig. 1E ).
SIAH1 and SIAH2 control cell proliferation and cell death in breast cancer cells
Based on the results presented in Figure 1 we concluded that SIAH1 and SIAH2 have similar functions in MCF7 breast cancer cells. We thus hypothesized that SIAH1 may have a tumor promoting role in breast cancer cells similar to SIAH2. If this is the case, silencing of SIAH1 should have a similar effect on breast cancer cell proliferation and apoptosis as silencing of SIAH2. To compare the role of both SIAH ligases in different types of breast cancer, SIAH1 and SIAH2 functions were assessed in luminal-like, hormone receptor positive MCF7 breast cancer cells, basal-like, triple-negative MDA-MB-468 breast cancer cells, and MCF10A mammary epithelial cells as a non-cancer control cell line. In these additional cell lines, SIAH1 and SIAH2 were also successfully silenced by RNAi transfection (Fig. S1B, C, E, F) . Cell proliferation was decreased in all 3 cell lines upon silencing of SIAH1, SIAH2, or both ( Fig. 2A) . Comparable effects could also be observed under hypoxic conditions (1% O 2 ) (Fig. 2B) . These results show that SIAH1 silencing inhibits proliferation in breast cancer cells. It had been previously observed in MEFs, that SIAH2 mRNA transcription was increased under hypoxia, 17 which could also affect the efficiency of SIAH silencing in the cell proliferation assays. Therefore we monitored if SIAH protein expression was altered in cell culture under hypoxic conditions; however, this was not the case (Fig. S2C) .
We determined spontaneous apoptotic cell death in SIAHsilenced cells in comparison to control siRNA-treated cells. Knockdown of SIAH1 and SIAH2 significantly increased the fraction of apoptotic cells in MCF7 (Fig. 2C) . Similar results were observed in cells grown under hypoxic conditions (Fig. 2D) . The influence of SIAH ligases on apoptosis has been linked to their role in DNA-damage response. Together with HIPK2, a substrate of both SIAH1 and SIAH2, SIAH ligases promote recovery from DNA-damage. 16, 20, 45 We cultivated the cells in presence of the DNA-damaging drug Doxorubicin, a chemotherapeutic drug widely used in adjuvant breast cancer therapy. 51 Doxorubicin treatment increased apoptosis in all cell lines tested ( Fig. 2C-H) . Cell death was even further increased in SIAH-silenced MCF7 cells. This could be detected when the cells were kept at 1% O 2 as well as under normoxic conditions (Fig. 2C, D) . These results indicate that SIAH1 and SIAH2 can inhibit apoptosis in MCF7 cells, as it has been shown before in other cancer cell types. 52, 53 However silencing of SIAH1 and SIAH2 did not yield a significant increase in apoptosis in MDA-MB-468 or MCF10A cells (Fig. 2E-H) , similar to what has been described for SIAH-deficient mouse embryonic fibroblasts. 54 Also the effect of Doxorubicin was not further increased by SIAH1 or SIAH2 silencing in these cell lines, neither at normoxic nor hypoxic conditions.
Role of ER receptor status in SIAH-controlled sensitivity of breast cancer cells
A possible explanation why MCF7 cells are more sensitive to the SIAH knockdown is their hormone receptor status. In contrast to MDA-MB-468 and MCF10A cells, the MCF7 cell line is estrogen receptor (ER)-positive. 55 ER signaling is elicited by estradiol, which is present in the MCF7 culture medium, and is negatively regulated by the Nuclear receptor Corepressor (N-CoR). [56] [57] [58] Estradiol can inhibit apoptosis in MCF7 cells 59 and activate SIAH2. 60 Both SIAH1 and SIAH2 promote NCoR degradation, 61 ,62 thereby in turn increasing estrogen signaling. Under these conditions, ER signaling and SIAH form a positive feedback loop, inducing high SIAH2 upregulation in ER-positive breast cancer. 63 We determined N-CoR protein levels and confirmed increased N-CoR protein expression upon silencing of SIAH1 or SIAH2 (Fig. S3A) . Silencing of N-CoR with siRNA ( Fig. S3B) did not markedly change the apoptosis levels in MCF7, MDA-MB-468, or MCF10A cells (Fig. S3C ). Yet, N-CoR silencing partly rescued the fraction of apoptotic cells in MCF7 silenced for expression of SIAH1, SIAH2, or both (Fig. S3D ). This could also be observed after stimulation with Doxorubicin ( Fig. S3E) , suggesting that the N-CoR silencing partly counteracts the effects of the SIAH knockdown. These results indicate that SIAH silencing stabilizes N-CoR and thereby decreases antiapoptotic ER signaling. This effect contributes to the increased apoptosis observed upon SIAH silencing in ER-positive breast cancer cells.
To elaborate on the hypothesis that the ER receptor status is relevant, we repeated the cell death assays with another ER-positive breast cancer cell line, T47D. 55 Also in these cells, SIAH1 and SIAH2 were silenced successfully (Fig. S1D, G) . Similar to MCF7 cells, both baseline apoptosis, as well as Doxorubicininduced apoptosis, were increased by silencing of SIAH2 both under normoxic and hypoxic conditions (Fig. S4A, B) . The effect of SIAH1 silencing did not reach significance; it could be speculated that this might be connected to the lower endogenous SIAH1 expression level compared to MCF7 cells (Fig. 1A) . Additional silencing of N-CoR partly rescued the fraction of apoptotic cells in T47D silenced for expression of SIAH1, SIAH2, or both ( Fig. S4C, D) , similar as in MCF7 cells.
Together the results show that knockdown of SIAH1 or SIAH2 led to increased apoptosis in ERpositive breast cancer cells, and reduced cell proliferation and hypoxic adaptation in both ER-positive and ER-negative breast cancer cells. These results point to a tumor promoting role for SIAH1 in breast cancer similar to SIAH2.
Silencing of both SIAH ligases inhibits breast cancer cell migration and invasion
As the observations in breast cancer patients point to a role for SIAH ubiquitin ligases in breast cancer metastasis, 28 we hypothesized that SIAH ligases promote breast cancer cell migration. We induced a defined gap in a monolayer of MCF7 cells and calculated the cell migration speed from the gap closure after 24 h. When SIAH1, SIAH2, or both were silenced, gap closure was markedly decreased (Fig. 3A) . Comparable effects were found in MDA-MB-468 and MCF10A cells. Quantification of the migration velocity shows that silencing of either SIAH ubiquitin ligase is sufficient to significantly inhibit cell migration (Fig. 3B) . This was also observed under hypoxia to a comparable extent (Fig. 3C) . To validate these results, cell migration was also assessed in a secondary assay. Instead of quantifying random cell motility, directed cell migration toward a chemical stimulus was measured in a modified Boyden chamber assay. This assay revealed a significant reduction in chemotaxis upon silencing of SIAH1 or SIAH2, in all 3 cell lines tested (Fig. 3D) .
Next, cell invasion was assessed in a transwell assay in which the cells migrated through a coating of basal membrane extract. The basal membrane is a continuous, sheet-like extracellular matrix between endothelial, epithelial, muscle, or neuronal cells and the adjacent stroma, and represents a first boundary for invading cancer cells. 64 Silencing of SIAH1 or SIAH2 signifi- cantly decreased invasion of MCF7, MDA-MB-468, or MCF10A cells through the basal membrane extract (Fig. 3E) . To confirm this result, we also performed a transendothelial migration assay, in which the cells invade through a monolayer of endothelial cells, mimicking cancer cell intravasation into blood vessels. Transmigration of breast cancer cells was markedly reduced when SIAH1 or SIAH2 was silenced (Fig. S5) . Together these results indicate that silencing of both SIAH1 and SIAH2 inhibits breast cancer cell migration, adding to the effects on proliferation, apoptosis, and hypoxic adaptation.
SIAH ligases control the expression of the microtubule regulator stathmin
Unexpectedly, SIAH1 and SIAH2 significantly affect proliferation, apoptosis, and migration under both normoxic and hypoxic conditions to a comparable extent, suggesting that PHD proteins and the hypoxia-activated HIF1a signaling pathways are not the main drivers of the SIAH-mediated signaling effects. To this end, we analyzed potential links between SIAH and known migration regulators. Interestingly, SIAH2 induces the ubiquitination and degradation of Sprouty2, a negative regulator of Ras signaling. 65 The small GTPase Ras activates many downstream signaling pathways, regulating cell migration by controlling Actin polymerization via Myosin Light Chain phosphorylation and proliferation through the Raf-MEK-MAPK pathway. 66 SIAH ligases are also linked to microtubule dynamics via 2 substrates: p27 Kip1 44 and the Microtubule Plus End-Binding protein 3 (EB3). 67 p27 Kip1 is an important regulator of cyclin-dependent kinases (CDKs) 68 that also regulates microtubule polymerization. 69 Increased p27 Kip1 expression inhibits cancer cell migration by modifying microtubule dynamics in a complex with the central microtubule regulator stathmin, 70 a phosphoprotein that regulates microtubule destabilization, cell cycle control, 71 and cell migration. 70 It has been proposed that p27 might also control stathmin expression: 72 by inhibition of CDKs, p27
Kip1 inhibits the phosphorylation of the Retinoblastoma (Rb) protein. 73 Phosphorylated Rb is no longer able to inhibit the activity of the transcription factor E2F1, 74 which drives stathmin expression. 75, 76 We detected Sprouty2 accumulation in MCF7 upon silencing of SIAH2, but not of SIAH1 (Fig. 4A) , confirming previous reports in other cell lines. 77 Consistently we found that phosphorylation of the Extracellular Signal-Regulated Kinase (ERK) 1/2 was reduced upon silencing of SIAH2, but not SIAH1, indicating decreased Ras activation. Therefore, this pathway might contribute to the effects observed, but it was not sufficient to explain why SIAH1 silencing also decreased cell migration and invasion.
Immunoblot analysis verified that both p27 Kip1 and EB3 are affected by SIAH silencing in MCF7 breast cancer cells (Fig. 4B) . Whereas EB3 expression was moderately increased by SIAH2 knockdown, p27
Kip1 expression was markedly increased by silencing of either SIAH1 or SIAH2. These results indicate that p27
Kip1 is not merely a SIAH1 substrate as previously shown, 44 but presumably also one of SIAH2.
p27
Kip1 is known to block the activating phosphorylation of several CDKs, one of which is CDK6. 78 Downstream of p27 Kip1 , we determined the protein levels of total and phosphorylated CDK6 in MCF7 cells (Fig. 4C) . CDK6 phosphorylation at tyrosine 24 was markedly decreased upon silencing of SIAH1 and SIAH2, while the total CDK levels remained unaltered. This indicates reduced CDK activity, which is consistent with increased p27
Kip1 expression. Next, we determined the phosphorylation status of the CDK substrate Rb. Rb phosphorylation at serines 780, 807, and 811 inhibits sequestering of the E2F1 transcription factor. 74 Our results show that Rb phosphorylation at these sites was prominently decreased upon SIAH1 or SIAH2 silencing. Total Rb protein levels remained largely unaltered. Downstream of Rb and E2F1, stathmin protein levels were markedly decreased after depletion of SIAH1 or SIAH2 (Fig. 4C) , which was in line with the reduction in cell motility.
Stathmin phosphorylation can interfere with stathmin activity, 71 and it has been suggested that this might be influenced by p27
Kip1 as well. 72 Analysis of stathmin phosphorylation revealed a complex regulation in response to SIAH silencing (Fig. S6A) . The amount of serine 38-phosphorylated stathmin was not profoundly altered. In contrast, stathmin phosphorylation at serine 16 was decreased, pointing toward increased stathmin activity. Although the Ca 2C /Calmodulin-dependent Kinases II and IV (CAMKII and IV) were proposed as the main kinases for stathmin activity regulation, 79, 80 4 additional kinases also phosphorylate Stathmin at serine 16: Aurora B kinase, 81 cAMP-dependent protein kinase (PKA-C), 82, 83 p21-activated kinase 1 (PAK1), 84 and Ribosomal protein S6 kinase a-3 (RSK2). 85 We determined the activity of these kinases by testing the phosphorylation status. Exclusively phosphorylation of CAMKII b, which is responsible for 65% of the CAMKII activity, 86 was markedly decreased (Fig. S6B-D) , suggesting that stathmin phosphorylation at serine 16 was reduced due to decreased CAMKII activity upon SIAH silencing.
Next we determined protein levels of acetylated a-Tubulin as a measure of non-dynamic, stable microtubules. 87, 88 Elevated levels of acetylated a-Tubulin upon silencing of SIAH1 or SIAH2 in MCF7 cells (Fig. 4D) indicated reduced stathmin activity and increased microtubule polymerization and stability. In line with a previous report showing that stathmin activity promotes AKT activity, 89 AKT phosphorylation was decreased upon SIAH silencing (Fig. 4D) , further confirming that overall stathmin activity is negatively regulated by SIAH silencing. To investigate if CDK inhibition is sufficient to influence stathmin protein levels and thereby microtubule stability, we treated MCF7 cells with the pan-CDK inhibitor Roniciclib (BAY1000394). CDK inhibition resulted in decreased stathmin expression and increased a-Tubulin acetylation (Fig. S6E) , which supports the hypothesis that SIAH ligases control stathmin expression and cell migration via p27 Kip1 .
To determine if alterations in microtubule turnover are visible looking directly at microtubules, we stained MCF7 cells for a-Tubulin and acetylated a-Tubulin (Fig. 4E) . While total microtubule amount and appearance remained virtually unchanged, silencing of either SIAH1 or SIAH2 led to increased tubulin acetylation also in this setting, indicating increased microtubule stability.
Collectively, our results suggest that SIAH ligases promote cancer cell migration and invasion, at least in part, by inducing the degradation of p27
Kip1 to promote microtubule depolymerization by increased stathmin expression.
Discussion
Depletion of SIAH1 and SIAH2 affects hypoxic adaptation, proliferation, migration and cell death This report shows that SIAH1 assumes a tumor promoting role in breast cancer cells similar to SIAH2 and that both ubiquitin ligases affect cell migration. We show that, like SIAH2, SIAH1 silencing reduces hypoxic adaptation, proliferation and migration, and increases apoptosis and susceptibility to DNA-damaging chemotherapeutics in MCF7 breast cancer cells. This is in line with previous studies, which report that SIAH1 reduced PHD3 protein levels similar to that observed with SIAH2 in breast cancer 24 and promotes the breast cancer stem cell phenotype. 29 However it is in conflict with other reports that found SIAH1 has proapoptotic 32, [34] [35] [36] and antiproliferative 30, 32 properties in breast cancer cells. This discrepancy cannot be fully resolved, however our results show that the effects of SIAH1 silencing, especially with regards to apoptosis, are cell-line dependent (Fig. 2C-F) . Additional factors, such as the hormone receptor status of the cell line and estrogen concentration of the cell culture media seem to have major impact on the biological effects of SIAH silencing. Our results suggest that SIAH silencing promotes apoptosis in estrogen-dependent MCF7 and T47D cells in part due to the accumulation of the estrogen signaling repressor N-CoR, and this can be partially rescued by N- CoR silencing. Breast cancer cell lines also show marked variation regarding SIAH1 and SIAH2 expression levels (Fig. 1A) , which might influence sensitivity to SIAH knockdown as well. At least for SIAH2, this might be linked to estrogen signaling promoting SIAH2 expression. 38, 60 In MCF7 cells cultured without estrogen, the SIAH2 protein levels were found to be below the expression levels of MDA-MB-468 and MDA-MB-231 cells. 47 Our results indicate that silencing of SIAH1 and SIAH2 inhibits both random cell motility and chemotactic migration in MCF7 and MDA-MB-468 breast cancer cells. The promigratory actions of SIAH ligases contribute to their tumor promoting role such as revealed in studies on hepatocellular carcinoma 9,10 and glioblastoma. 41 Also the invasive potential of breast cancer cells was significantly decreased upon SIAH1 and SIAH2 silencing. Notably, MCF7 cells and MDA-MB-468 cells represent different types of breast cancer cells and also differ in the invasive behavior. MCF7 cells have a pure luminal phenotype and are characterized by weak invasive capacity, whereas MDA-MB-468 cells show more mesenchymal characteristics and a high invasive capacity. 90 The tumor promoting effects of SIAH ligases do not require hypoxic conditions
The tumor promoting effects of SIAH ligases have often been attributed to their substrates of the PHD family and subsequent influence on HIF1a activity. 5, 11, 17, 24, 27, 41 However, our results indicate that hypoxia is not a prerequisite for the effect of SIAH silencing on proliferation, migration and apoptosis since breast cancer cells grown under normoxic conditions show comparable effects on SIAH depletion. Thus SIAH ligases relay the tumor promoting effects through regulating signaling pathways different from the SIAH-PHD-HIF1a signaling axis. Moreover it has been shown that PHD2, which is hardly affected by SIAH, mainly controls HIF1a stability under hypoxia, while PHD1 and 3, which are profoundly degraded after SIAH-dependent ubiquitination, have a stronger influence on HIF1a stability under mild or moderate hypoxia (5-10% O 2 ).
91,92
Analysis of cell migration reveals novel mechanistic insight into tumor promoting effects of SIAH ligases
This is the first report to show that silencing of SIAH ligases inhibits the expression of the central microtubule regulator stathmin. Stathmin, also called Oncoprotein 18, is highly overexpressed in different cancer entities, 71, 93, 94 and its depletion slows down proliferation and increases apoptosis. 94, 95 It is likely that SIAH controls migration and invasion in part through its influence on stathmin and its interaction partner p27
Kip1 . Stathmin binds a/b-tubulin heterodimers to facilitate the depolymerization of microtubules and can also inhibit microtubule polymerization. 71 Consistently, silencing/inhibition of stathmin leads to increased tubulin acetylation, 94 which slows down cell motility, 96 while high stathmin protein levels inhibit tubulin acetylation. 93 Previous reports demonstrated that the SIAH substrate p27
Kip1 inhibits stathmin, promoting tubulin stability and inhibiting migration, 70, 97 suggesting that SIAH ligases exert their effects on migration and invasion via this axis. Of note, stathmin might also regulate p27
Kip1 protein levels, presumably through their common interaction partner Kinase-interacting stathmin (KIS). 72, 98, 99 Similar to the SIAH ligases, there have been conflicting reports on the influence of stathmin on migration. Microtubule destabilization was described as promoter of cell motility and migration in several studies reporting that stathmin has promigratory [100] [101] [102] and proinvasive activities 70, 97, 99, 103, 104 and promotes chemotherapy resistance. 99, 105 However, the destabilization of microtubule plus ends at the cell cortex can also inhibit directional cell migration, 106, 107 suggesting that stathmin might also inhibit migration under certain conditions. 108 Uncovering the roles of stathmin is further complicated by the observation that proliferation effects seem to depend on the phosphorylation status while effects on migration rely on protein expression levels only. 109 Also the role of the p21-related p27 Kip1 in migration is under debate, although the many reports point to an antimigratory activity. 70, [110] [111] [112] [113] [114] One might speculate that the effect of SIAH ligases on migration diverges in different cell lines because their downstream effectors p27
Kip1 and stathmin fulfil alternative roles in different cell lines. Although SIAH silencing negatively regulated total stathmin levels, this was opposed by decreased phosphorylation at serine 16, a major target of CAMKII. Potentially, the observed reduction in CAMKII activity is a direct consequence of SIAH silencing. CAMKII activity is controlled by protein phosphatase 1 (PP1), [115] [116] [117] and some of the PP1 subunits have been described as an interaction partners or substrates of SIAH2. [118] [119] [120] Therefore, it is possible that SIAH ligases regulate CAMKII phosphorylation via ubiquitination and degradation of PP1 subunits. It also appears plausible that the observed reduction in stathmin phosphorylation is independent of SIAH and part of a compensatory cellular response to facilitate the balance of microtubule dynamics. However, the effect on stathmin phosphorylation cannot compensate for the decrease in stathmin expression by SIAH silencing, as evident by increased tubulin acetylation and decreased cell migration and invasion.
The connection between SIAH ligases and stathmin provides a link to the SIAH knockdown effects on migration, invasion, proliferation, and apoptosis. A summary of the pathway suggested by our results is depicted in Figure 5 . Still we assume that this pathway is only one of several contributing effector pathways downstream of SIAH1 and SIAH2. Others have shown previously that a number of different SIAH substrates also play a major role regarding the tumor promoting effects of SIAH family members. 14, 15 In summary, our study supports previous findings that classify SIAH2 as a tumor promoting protein in breast cancer and, furthermore, strongly suggests that SIAH1 assumes a similar role. Our results show that both SIAH1 and SIAH2 promote breast cancer cell migration and invasion, 2 hallmarks of metastatic cancer subtypes. Along with previous findings that SIAH2 expression in breast cancer patients correlates with increased cancer invasiveness and decreased overall survival, 4, 26, 28 and that SIAH inhibition reduced metastasis in a melanoma mouse model, 18 these results indicate that SIAH ligases might very well promote breast cancer cell metastasis. The involvement of p27 Kip1 and stathmin downstream of SIAH1/2 points to a novel component that is likely to contribute to the SIAH mechanism of action in metastasis. However, detailed future studies are required to further elucidate the role of SIAH1 and SIAH2 in breast cancer metastasis and to reveal additional regulation mechanisms downstream of SIAH.
As approximately 90% of all cancer-related mortalities are due to metastases, 121 it could be beneficial to inhibit SIAH ligases in anticancer therapy. As SIAH1 and SIAH2 are similar in amino acid sequence and molecule structure, 122 it would be difficult to find inhibitors selective for one isoform. However, this might not be required as our study shows that both human SIAH forms have similar roles in breast cancer. Further investigations are required to clarify whether SIAH ubiquitin ligases represent promising targets for anticancer therapy. For the SIAH1/2 double knockdown, SIAH1 siRNA and SIAH2 siRNA a were employed. Luciferase assay HIF target gene expression was monitored in a luciferase assay using the steadylite plus TM sytem (Perkin Elmer, Cat.No. 6066751) according to the manufacturer's protocol. Briefly, HCT116-4xVEGFCLuc cells were seeded and transfected in a 24 well plate. 48 h after transfection, the medium from all wells was pooled and a defined volume redistributed to the wells. The same volume steadylite plus reagent was added, the plate was protected from light and shaken gently for 15 min. From each well triplicates of 100 ml were transferred to a white 96 well plate (Nunc, Cat.No. 437796) and luminescence was measured in a Tecan infinite M200 PRO reader with Tecan i-control TM software.
Materials & Methods
Antibodies and immunoblots
To take into account that the different siRNAs have differential effects on cell viability, each plate was generated as a duplicate. The second plate was used for cell quantification with the CellTiter-Blue Ò Cell Viability assay (Promega, Cat.No. G8081) according to the manufacturer's protocol. Results from the luciferase assay were normalized to the cell viability.
Proliferation assay
Cell proliferation was determined by 5-bromodeoxyuridine (BrdU) incorporation (Cell Proliferation ELISA, Roche, Cat.No. 11647229001) according to the manufacturer's protocol. Epithelial cells were transfected with siRNAs. After 24 h the cells were counted and 7500 cells per well were seeded in a 96 well plate in growth medium as quintuplicates. After 24 h, BrdU was added for 2 h and newly synthesized DNA was detected with an enzyme-linked BrdU antibody.
Migration & Invasion assays
Cell motility was assessed with a wound healing assay as previously described 124 in the presence of 10 mg/ml mitomycin C (Sigma, Cat.No. M4287) to block proliferation. m-Dish 35 mm high Culture-Inserts ibiTreat (ibidi, Cat.No. 80209) were placed in a 24 well plate coated with rat tail collagen I (Life Technologies, Cat.No. A1048301). Following siRNA transfection (after 24 h), cells were trypsinized and 600,000 cells/ml were suspended in growth medium. Of this suspension, 100 ml were placed in each insert half. After 24 h, the inserts were removed and the gap width was measured at the indicated time points. The migration rate was calculated as the velocity of the moving cell front in mm/h.
Chemotaxis was determined with a modified Boyden chamber assay (CytoSelect 96-well Cell Migration Assay, Cell Biolabs Inc., Cat.No. CBA-106-CB). 24 h after the RNAi transfection, the cells were starved overnight in medium lacking FBS, counted, and seeded into the upper chambers in FBS-free medium containing 10 mg/ml mitomycin C. The lower chambers were filled with full medium containing 10% FBS as a stimulus and mitomycin C. Cells were allowed to migrate for 24 h, and then migratory cells were dissociated from the membrane, lysed and quantified with CyQuant Ò GR Fluorescent Dye. Cell invasion was assessed in a transwell assay (CytoSelect 96-well Cell Invasion Assay, Cell Biolabs Inc., Cat.No. CBA-112-CB). 24 h after the RNAi transfection, the cells were starved overnight in medium lacking FBS. The transwells coated with basal membrane extract were rehydrated in serum-free medium for 1 h. The cells were counted and seeded into the transwell in FBS-free medium containing 10 mg/ml mitomycin C. The lower wells were filled with full medium containing 10% FBS as a stimulus and mitomycin C. Cells were allowed to invade through the basal membrane extract for 24 h, and then invasive cells were dissociated from the membrane, lysed and quantified with CyQuant Ò GR Fluorescent Dye.
Immunofluorescence staining Cells were seeded on glass cover slips precoated with Poly-Dlysine hydrobromide (Sigma, Cat.No. P6407) 24 h after siRNA transfection. Following an incubation time of 24 h, the cells were fixed with 4% formaldehyde C 0.1% glutaraldehyde and permeabilized with 0.1% saponin. a-Tubulin and acetylated a-Tubulin were localized using a-Tubulin (DM1A) Mouse mAb (#3873, 1:4000), or acetyl-a-Tubulin (Lys40) (D20G3) antibody (#5335, 1:800; both from Cell Signaling Technology), respectively. Cy3-conjugated Goat Anti-Rabbit IgG ( 
